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We report the high temperature thermoelectric properties of solution processed untreated and sulphuric acid treated poly (3,4-ethylenedioxythiophene) :poly(4-styrenesulfonate) (or PEDOT:PSS) films. The acid treatment is shown to simultaneously enhance the electrical conductivity and Seebeck coefficient of the metal-like films, resulting in a five-fold increase in thermoelectric power factor (from 0.01 to 0.052 W/m.K) at 460 K, compared to the untreated film. By using atomic force micrographs, Raman and impedance spectra and using a series heterogeneous model for electrical conductivity, we demonstrate that acid treatment results in the removal of PSS from the films, leading to the quenching of accumulated charge-induced energy barriers, facilitating metal-like conduction. The continuous removal of PSS and changes in morphology of the PEDOT grains upon acid treatment may alter the local band structure of PEDOT:PSS, in such a way as to simultaneously enhance the Seebeck coefficient.
Introduction
Conducting polymers (CPs), also known as synthetic metals, have become attractive due to their intriguing optical and electronic properties. 1-4 Solution processability, flexibility, lightweight and cost-effectiveness are the key attributes of CPs which make them compatible in various applications. [4] [5] [6] For example, CPs can be used as both active and passive materials in organic electronics 6, 7 and chemical or electrochemical sensors 8 , owing to the tunable electrical conductivity and surface properties. 9 Intrinsic low thermal conductivity of CPs (at least one order of magnitude lower to inorganic materials) due to nanostructured interfaces or grains is one of the potential aspects in exploring CPs as thermoelectric materials. 27 Also, available literature on this important class of developing thermoelectric material is limited to studies at room temperature. To the best of our knowledge, there has been only one previous report on the high temperature thermoelectric properties on PEDOT based films 28 and none on PEDOT:PSS film.
Hence, it is worthwhile to investigate the high temperature properties (but not exceeding 500 K) of PEDOT:PSS based thermoelectric films with addition of methanol, followed by acid treatment, to explore both the effectiveness of these materials at elevated temperature and the highest temperature of stable operation; both should help expand the scope of polymer thermoelectrics. With this view, here we report the thermoelectric property of PEDOT:PSS films in a post-deposition acid treatment process, in the temperature range 300-520 K, to explore the potential of this important polymer as a viable thermoelectric material at room temperature and high temperatures.
Experimental
In the present work, chemicals were used as received without further purification. Seebeck coefficient of the films were measured in the temperature range 300-520 K, respectively employing the four probe and differential methods, using a commercial tester (RZ2001i, Ozawa Sciences). Electrical conductivity was measured first, at any temperature, followed by Seebeck coefficient, by introducing a temperature gradient (0-10 K, using which, periodic test measurements with Ni foils have always yielded data matching excellently with those reported by Burkov et al. 30 The properties at higher temperatures were measured by uniformly heating the film placed in the furnace.
Results and Discussion
The AFM images of untreated and acid-treated PEDOT:PSS films are shown in Fig. 2(a) , which represents the top view SEM image of untreated film, the emergence of a fibrous structure upon acid treatment is evident in Fig. 2(a) . The surface morphology of the films before acid treatment is shown in the inset of Fig. 2(a) . The cross sectional image shows that the fibrous nature is not 7 limited to the surface alone and the film appears to be porous (see Fig. 2(b) ). Possible conformational changes as a result of the removal of PSS component is shown schematically in Fig. 2(c) . Raman spectra for various PEDOT:PSS samples after acid treatment are compared with those of the untreated film as shown in Fig. 2(d) . Since PSS is a weak Raman scatterer, all peaks are assigned to the various normal modes of vibration of atoms present in the PEDOT unit.
The bands at higher wavenumbers such as 1573, 1503 cm -1 could be assigned to asymmetric stretching of C α =C β while the most intense peak at around 1440 cm -1 relates to symmetric stretching of C α =C β of five-membered thiophene ring. The peak at 1367 cm -1 corresponds to C β -C β inter-ring stretching, 1264 cm -1 represents C α -C α inter-ring stretching, 1105 cm -1 is due to C-O-C deformation, 988 cm -1 represents C-C anti-symmetrical stretching mode, 702 cm -1
corresponds to symmetric C-S-C deformation, 573 cm -1 due to oxy-ethylene ring deformation and 441 cm -1 correspond to SO 2 bending, confirms the doping of sulfate and bisulfate anions (from sulphuric acid) in PEDOT. The reference spectrum has a peak at 441 cm -1 which can be ascribed to the doping of PEDOT by the SO 3 -ion from PSS units. It should be noted that even for the untreated PEDOT:PSS films, doping of sulfite groups is caused from the PSS units.
Hence, we do observe the 441 cm -1 band in either of the samples (untreated as well as acid treated PEDOT:PSS films). The shift in the position of C=C (1438 cm -1 ) towards higher wavenumbers (see Fig. 2 Fig. 3 . The decrease in impedance is concluded to be a direct consequence of improved electrical conductivity, supporting the hypothesis of removal of PSS components from the acid-treated films.
In order to confirm the removal of PSS from the films upon acid treatment, few of the films were also subjected to UV-Vis Spectroscopy analysis, the result of which is shown in Fig.   4 . It is seen that the absorbance shoulder peak at around 225 nm and the overall absorbance of the films reduced, with increase in acid treatment duration, as compared to the untreated film.
The characteristic absorbance shoulder peak arises from the aromatic ring of the PSS components 36 and the removal of PSS results in the enhanced transparency of the films, as reported elsewhere.
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The temperature dependence of electrical conductivity of the films is shown in Fig. 6 (a) .
All the films show a metal-like behavior, with electrical conductivity decreasing with increase in temperature, indicating that the carrier density in the films is high. The metal-like conduction is believed to be the dominant conduction mechanism in the temperature range of interest. Broadly, where 1 ( ) and 1 are the conductivity and geometric factor of the highly conducting constituent. The observed increase in conductivity of PEDOT:PSS films can then be explained by considering the relative increase in area of cross section of the conducting PEDOT chains as opposed to the insulating PSS shells throughout the cross-section of the films, upon removal of PSS during acid treatment. As evident from Fig. 5a , electrical conductivity increases with the acid treatment time, suggesting that PSS is removed continuously from the film during the entire duration of the acid treatment. Moreover, the conformation changes brought in by the removal of PSS cause delocalization of positive charges, which also contribute to the enhanced conductivity.
Our attempts at increasing the acid treatment time beyond 4 h were unsuccessful since the films either became wrinkled or entirely peeled off from the substrate.
Another important consequence of considering a series heterogeneous model as described above is the possible metal-like conductivity at high temperatures, similar to what is observed in other polymers such as polyacetylene and polyaniline. 39 For extended metallic regions with intermediate insulating boundaries, the total conductivity which is due to a combination of quasi 1-D metallic conductivity and a temperature assisted tunneling process, where the former decreases and the latter increases with temperature, can be expressed as
where 1 and 2 are the geometric factors of the conducting and insulating regions, and are the metallic and tunneling pre-factors, is the temperature at electronic energy states are raised over the barrier due to the large thermal voltage fluctuations and the ratio / determines the tunneling in the absence of fluctuations. Excellent fits could be obtained for the temperature dependent conductivity curves using the above expression, as shown by red lines in Fig. 6a . The fitting parameters are shown in Table 1 . It is interesting to note that the geometric factor 1 ( 2 ) progressively increases (decreases) with increase in acid treatment time, which further supports the idea that PSS is removed from the films upon acid treatment. 
